INTRODUCTION
Soybean, Glycine max (L.) Merrill, is an important field crop in the United States, with over 33,000,000 ha harvested in 2015 (http://www.nass.usda.gov). Recent commodity prices have driven increased interest in and use of crop inputs (e.g., pesticides and fertilizers) to increase soybean production. A topic of recent interest is the placement of insecticide and fertilizer with or near soybean seed.
Seed-applied insecticides are often used as a preventative (i.e., prophylactic) tactic to protect crop seeds and seedlings. Prophylactic applications of pesticides are often made without knowledge of the pest population or risk posed to crop productivity (Pedigo 1995) . Gray (2012) described such use of pesticides as insurance pest management, meaning that "when commodity prices are very high, the strong tendency is to protect those investments with escalating inputs." The role of prophylactic insecticide use in integrated pest management has been questioned (Pedigo 1995) . Regardless, economic conditions and relative ease of use of some methods of prophylactic insecticide application (e.g., seed-applied insecticides) have resulted in their wide-scale adoption (Douglas and Tooker 2015) . Hodgson et al. (2012a) found that 73% of soybean in Iowa is planted with seed-applied insecticides. Other at-plant formulations of insecticides have been relatively uncommon in soybean, but may also see increased use. For example, in 2013, a liquid-fertilizer-ready formulation of the insecticide bifenthrin received registration for in-furrow use in soybean. This insecticide has been formulated for mixture with liquid fertilizers to permit application near the seed. Placement of nutrients with or near the seed at planting has proven beneficial for corn production (Bates 1971; Richards et al. 1985; Kaiser et al. 2005) ; however, less consistent results have been observed for similar nutrient application in soybean (Ham et al. 1973; Clapp and Small 1970; Hoeft et al. 1975; Lauzon and Millet 1997; Rehm and Lamb 2010) . In fact, placement of fertilizer in contact with soybean seed can adversely affect soybean emergence, depending on the salt index of the fertilizer (Hoeft et al. 1975) . In an attempt to increase soybean yields, fertilizers have been optimized to reduce risk to soybean when applied in contact with seed.
The seed safety, protection offered from seed and seedling pests, and impacts on plant vigor and yield must be determined for the combination of liquid fertilizers and liquid-fertilizer-ready formulations of insecticides. In this study, we evaluated the effects of prophylactic in-furrow application of insecticide with a starter fertilizer on soybean grown under typical conditions over two years and two states in the north-central United States.
FIELD EXPERIMENTS
This study spanned eight site-years in two states across two years. The site-years represented typical growing conditions, except for augmentation of field conditions at one site to attempt to increase early-season insect pest pressure. Each site is referred to by the name of the nearest city. In 2013, three sites were located in Minnesota. Two sites were located at the University of Minnesota Outreach, Research and Education (UMORE) Park near the city of Rosemount in southeast Minnesota; these will be referred to as Rosemount I (44.704839° N; 93 At each site, the experimental design was a randomized complete block with four blocks, except for three blocks at Wooster. At all sites, soybean was planted with 76.2-cm row spacing and 2.54-to 3.18-cm planting depth. Plots were maintained with standard agronomic practices, except for the following treatments of in-furrow application of a liquid fertilizerready insecticide (bifenthrin, Capture LFR, FMC Corp., Philadelphia, PA) and a starter fertilizer (2-6-16 [N-P-K], Nachurs HKW6, Nachurs Alpine Solutions Corp., Hamburg, ON, Canada) alone and in combination (2 × 2 factorial treatment structure). Specific treatments were: Capture LFR (38.4 ml/ha) applied with water; Nachurs HKW6 (3.1 liters/ha); Capture LFR (38.4 ml/ha) + Nachurs HKW6 (3.1 liters/ha); and an untreated control. These treatments were applied in-furrow as a dribble. Additional sitespecific agronomic and experimental details can be found in Table 1 .
DATA COLLECTION AND ANALYSIS
To assess the impact of the treatments on plant protection, growth, and yield, several response variables were recorded from each plot over the season (Table 1) . Plant population (i.e., the number of plants per row-meter) was estimated by recording the number of live, emerged plants from four 1-m sections of row per plot. Plant population data were collected at soybean growth stages V2 or V3. To estimate insect injury, the number of plants with injury (i.e., gouging, snakeheads, and/or Y-plants [Higley and Hammond 1994] ) characteristic of seedcorn maggot, Delia platura (Meigen), was recorded from the same four 1-m sections of row per plot used to estimate stand counts at the Rosemount sites in 2013 and 2014. Plant heights were estimated by measuring the distance from the soil surface to the tip of the upwardly stretched shoot apex of four sets of five adjacent plants per plot. Plant heights were taken at various plant growth stages (or times) during the two years and among states (Table 1) . Grain yield was estimated by harvesting the entire two middle rows of each plot with a small-plot combine and adjusting yields to 13% moisture. For analysis of data on plant populations, injury, heights and yield, subsamples were averaged within plots and response variables were analyzed using analysis of variance (PROC GLM, SAS Institute Inc., Cary, NC, 2014) with main effects for insecticide, fertilizer, and site-year, and the two-and three-way interactions among main effects. Prior to analysis, data on plant population, proportion of plants with injury, and plant heights were square, arcsine-square-root, and square-root transformed, respectively, to meet assumptions of parametric analyses, but transformation of yield data was not necessary.
EFFECT ON SOYBEAN OF IN-FURROW APPLICATION OF FERTILIZER AND INSECTICIDE
To our knowledge, this is the first published evaluation of the effects of in-furrow use of a starter fertilizer and insecticide formulated to be compatible with liquid fertilizers on protection of soybean and enhancement of plant vigor and yield. Mean soybean populations, ranging from 19.5 ± 1.7 to 28.8 ± 3.7 per row-m (Fig. 1) , differed significantly among site-years (P < 0.0001), but were not affected by the insecticide, fertilizer, or interactions (P > 0.05) ( Table 2) . A reduced ANOVA model containing only the main effects also showed that insecticide (df = 1, 114; F = 0.83; P = 0.3631) and fertilizer (df = 1, 114; F = 0.00; P = 0.9514) did not affect plant populations. The mean percentage of plants with seedcorn maggot injury, ranging from 0.6 ± 0.3 to 6.8 ± 0.8% (Fig. 1) , differed significantly among siteyears and was affected by insecticide and the three-way interaction among site-year, fertilizer, and insecticide (Table 2) . Because of the significant interaction, analyses were also performed by site-year. At Rosemount I in 2013, main effects of insecticide (df = 1, 12; F = 0.01; P = 0.9393) and fertilizer (df = 1, 12; F = 0.12; P = 0.7308) were not significant; however, the twoway interaction was significant (df = 1, 12; F = 9.91; P = 0.0084) (Fig. 2) . At Rosemount II in 2013, insecticide (df = 1, 12; F = 2.96; P = 0.1108), fertilizer (df = 1, 12; F = 2.37; P = 0.1493), and the two-way interaction (df = 1, 12; F = 0.36; P = 0.5602) were not significant (Fig. 2) . However, at Rosemount in 2014, the presence of insecticide significantly reduced the mean percentage of plants with injury (df = 1, 12; F = 8.81; P = 0.0144), but the effects of fertilizer (df = 1, 12; F = 3.57; P = 0.0831) and the two-way interaction were not significant (df = 1, 12; F = 0.08; P = 0.7840) (Fig. 2) . Though injury was not recorded at the other site-years, observations indicated that pest pressure was low across all site-years. Mean soybean plant heights, ranging from 6.9 ± 0.3 to 52.2 ± 1.7 cm (Fig. 1) , differed significantly among site-years (P < 0.0001), but were not affected by the insecticide, fertilizer, or interactions (P > 0.05) ( Table 2) . A reduced ANOVA model containing only the main effects also showed that insecticide (df = 1, 114; F = 0.01; P = 0.9361) and fertilizer (df = 1, 114; F = 1.08; P = 0.3004) did not affect plant heights. Mean soybean yields, ranging from 1,860 ± 177 to 5,249 ± 414 kg/ha (Fig. 1) , differed significantly among site-years (P < 0.0001), but were not affected by the insecticide, fertilizer, or interactions (P > 0.05) ( Table 2) . A reduced ANOVA model containing only the main effects also showed that insecticide (df = 1, 114; F = 0.13; P = 0.7194) and fertilizer (df = 1, 114; F = 0.40; P = 0.5275) did not affect yield.
SUMMARY AND IMPLICATIONS
The effects on soybean of prophylactic in-furrow use of insecticide and fertilizer were evaluated under typical growing conditions spanning two states and two years. Across site-years, the fertilizer and insecticide alone or in combination had no effect on soybean plant population, plant height, or yield. However, across three site-years at Rosemount, MN, where insect injury was recorded, the insecticide decreased the percentage of plants
FIGURE 1
Mean (±SEM) plant population (A), plant heights (B), and yield (C) responses of soybean grown at eight site-years and with different combinations of in-furrow applications of insecticide and/or fertilizer.
with seedcorn maggot injury (Table 2, Fig. 2) , even though overall levels of pest pressure were low (i.e., less than 7% of plant injured). Attempts to increase the risk of seedcorn maggot infestation at Rosemount I were unsuccessful. The low level of pressure from seed and seedling pests observed across site-years in this study is consistent with observations from around the region (Bailey et al. 2015) . In the North Central Region, several soil-dwelling insect pests (e.g., seedcorn maggot, wireworm, and white grubs) are known to attack soybean seeds and seedlings (Higley and Boethel 1994; Hodgson et al. 2012b ). However, risk of economic infestation of soybean by these pests is not widespread, and typically only occurs under certain conditions. For example, risk of seedcorn maggot infestations is greatest in fields with recently incorporated fresh organic matter (Hammond 1990; Higley and Hammond 1994) . Furthermore, soybean is a resilient crop, capable of compensating for stand loss (Teigan and Vorst 1975) . Therefore, though these treatments can reduce injury from pests, return on investment in these inputs is unlikely, unless risk for infestations by such pests is high. Prophylactic use (i.e., in-furrow or seed-applied) of insecticides for such pests should be focused on situations with high risk of pest infestation, and not be deployed across the landscape without regard to pest risk (e.g., Bailey et al. 2015) . Further work should be performed to evaluate this insecticide under conditions that will result in high pest pressure, even though such conditions are not common in soybean production across the landscape (Bailey et al. 2015) .
Starter fertilizers, in general, and specifically in-furrow fertilizers have not been commonly used in soybean production. Small amounts of broadcast starter N applied at planting were shown to have no influence on leaf area, plant height, fresh weight, or yield of soybean (Sij et al. 1979) . Similarly, in-furrow application of fertilizer generally does not benefit plant vigor or yield components (Lauzon and Millet 1997) . In fact, in-furrow application of fertilizer sometimes results in decreased soybean yield (Clapp and Small 1970; Ham et al. 1973 ) and germination (Hoeft et al. 1975; Rehm and Lamb 2010) . Adverse impacts resulting from in-furrow application of fertilizer have been attributed to a high salt index of some fertilizer (Hoeft et al. 1975) and high ambient levels of P and K (Ham et al. 1973) . The results of this study indicate that these treatments posed no risk to seed/seedling safety.
Unnecessary use of crop inputs such as insecticides and fertilizer not only increases short-term production costs, but also increases the risks of environmental contamination (e.g., Krupke et al. 2012; Stone et al. 2014; Matson et al. 1998 ) and development of pest resistance to insecticides (e.g., Pereira et al. 2015) . In this study, the insecticide occasionally provided statistically significant protection of soybean from the low levels of early-season insect pest pressure typically experienced in the region; however, the lack of effects of the insecticide or fertilizer
FIGURE 2
Mean (±SEM) percent of plants with seedcorn maggot injury from three site-years in Minnesota with different combinations of in-furrow applications of insecticide and/or fertilizer. Statistical significance of the main effects and interaction are provided in the body of the article. on plant population, plant height, and grain yield indicate that prophylactic use of these additional inputs may not be justified under typical soybean growing conditions in this region. However, it is important to note that use of such inputs in other crops, such as corn, may result in a higher probability for return on investment (Bates 1971; Richards et al. 1985; Kaiser et al. 2005; Estes et al. 2014; Jarvi et al. 2014 ).
